Fungal communities associated to three epiphytic lichens active against Candida, were investigated using culture-based methods We hypothetized that associated fungi would contribute to lichens activities. The ability of specific fungi to grow inside or outside lichens was investigated. To detect biogenesis pathways involved in the production of secondary metabolites, genes coding for nonribosomal peptide synthetase (NRPS) and polyketide synthase I (PKS I) were screened by PCR from fungal DNA extracts. Both endo and epilichenic communities were isolated from two fructicose (Evernia prunastri and Ramalina fastigiata) and one foliose (Pleurosticta acetabulum) lichens. A total of 86 endolichenic and 114 epilichenic isolates were obtained, corresponding to 18 and 24 phylogenetic groups respectively suggesting a wide diversity of fungi. The communities and the species richness were distinct between the three lichens which hosted potentially new fungal species. Additionally, the endo-and epilichenic communities differed in their composition: Sordariomycetes were particularly abundant among endolichenic fungi and Dothideomycetes among epilichenic fungi. Only a few fungi colonized both habitats, such as S. fimicola, Cladosporium sp1 and Botrytis cinerea. Interestingly, Nemania serpens (with several genotypes) was the most abundant endolichenic fungus (53% of isolates) and was shared by the three lichens. Finally, 12 out of 36 phylogenetic groups revealed the presence of genes coding for nonribosomal peptide synthetase (NRPs) and polyketide synthase I (PKS I). This study shows that common lichens are reservoirs of diverse fungal communities, which could potentially contribute to global activity of the lichen and, therefore, deserve to be isolated for further chemical studies.
Introduction
Lichens are symbiotic organisms formed with a fungal partner called mycobiont (generally an Ascomycete) and a photoautotrophic partner such as agreen algae, a cyanobacterium or both, called photobiont. A third partner linked to lichen cortex was recently characterized as basidiomycete yeast (Spribille et al., 2016) . Lichen thallus is also a suitable environment for other kinds of microorganisms that live exclusively there, such as bacteria and fungi which are called endobionts when they live inside the thallus or epibionts when they live on its surface (Arnold, 2007; Bates et al., 2011; Grube and Berg, 2009; Honegger et al., 2013; Parrot et al., 2015) . Both members of Ascomycota and Basidiomycota have been detected in lichens, and interestingly were often closely related to endophytes of mosses (U'Ren et al., 2012 (U'Ren et al., , 2010 . Lichenicolous fungi form non-specific obligate associations with lichens. They are described as symptomless and grow within the thallus associated with the photobiont especially in the alga layer (Arnold et al., 2009; Honegger, 2012) . They can also grow on the thalli as parasites of living lichens or as saprotrophs on dead lichen thalli (Lawrey and Diederich, 2003) . Thus, as supported by data from phylogenetic studies, lichen thalli appear to be a consortia with unknown numbers of participants (Grube and Wedin, 2016; Honegger, 1992) .
Studies of endolichenic fungi (ELF) showed that they were present in all biomes from the Arctic to the tropics (Arnold et al., 2009; Li et al., 2007a; Zhang et al., 2016) . While associated bacteria are described to contribute to several functions in the lichen symbiosis, interactions between lichen-associated fungi and the mycobiont are poorly investigated and their functional role in the lichen symbiosis is unknown.
Bacteria play a role in the fixation and delivering nitrogen, the defense against pathogens and feeders, the growth by producing hormones, and the biomass mobilization (Grube and Berg, 2009) . Epilichenic fungi (EPF) growing on the surface of lichen thallus remain unstudied.
As lichens are producers of defense metabolites against pathogenic fungi, bacteria and parasites (Boustie et al., 2011; Shukla et al., 2010; Stocker-Wörgötter, 2008; Zambare and Christopher, 2012) , the question remains whether ELF could contribute to this activity, as endophytes do for plants (Arnold, 2007) . Since the first investigation on endolichenic metabolites produced by Corynespora sp. (Paranagama et al., 2007) , there has been growing interest in the bioactive compounds produced by these microorganisms. For example, Suryanarayanan et al. revealed that ELF can produce antifungal and anti-bacterial compounds (Suryanarayanan et al., 2017) and it was shown that they biosynthesize a wide range of metabolites such as alkaloids, polyketides, terpenoids, steroids and cyclic peptides (Kellogg and Raja, 2016; Singh et al., 2017) . However, the link between lichen's antimicrobial activity and the ability of ELF to produce secondary metabolites is scarcely demonstrated, while it could help to search for potentially active isolates and molecules.
The development of new techniques to study ELF communities allows to a more comprehensive understanding of lichen biology. Indeed, we could expect that active lichens might share active fungi, or at least specific fungi may grow in active lichens and contribute to this specific activity. Therefore, the isolation of fungi should distinguish between endo and epilichenic fungi, and avoid potential contaminants. The sterilization of the lichen surface allowed for example the isolation of endolichenic fungi from Parmelia taractica and Peltigera praetextata (Girlanda et al., 1997) . Surface sterilization of the lichen thalli is a crucial step to better understand this fungal ecology, and considerable improvements have been made for this process (Girlanda et al., 1997; Li et al., 2007b; Suryanarayanan et al., 2005) . A study conducted by Suryanarayanan et al. of associated fungi of five epiphytic lichens, leaf and bark tissues of their host trees revealed little overlap beetween endolichenic and endophytic fungi in spite of their proximity (Suryanarayanan et al., 2005) .
As ELF communities depend on both lichens and habitats, it might be difficult to correlate a lichen activity with its ELF activity, except if some fungi are more specific and often found growing in the same lichen. Another approach could rely on the identification of ELF, and the comparison with the literature and public databases. Indeed, methods for identifying ELF have evolved in the past decades (culture-based and culture-independent). The first isolation of endolichenic fungi was performed by Petrini et al. from lichen belonging to genera Cladonia and Stereocaulon (Petrini et al., 1990) and at that time, morphological characters were used for identification. More recently, the barcoding of lichens through high-throughput techniques revealed a high diversity of the ELF (Wang et al., 2016) , for example in Arctic lichens (Zhang et al., 2016 (Zhang et al., , 2015 . More generally, the use of Sanger sequencing either directly on lichens, or on isolates, has considerably improved the identification of ELF. Indeed, either the comparison of sequences to public databases, or through phylogenetic inference permits to compare sequences from different studies, and identify well-known fungal species as well as putative new ones to Science. We therefore used this latter technique to determine if active lichens host specific and potentially new fungal species.
In our search of bioactive compounds from lichens, a screening of thirty-eight lichen extracts was previously performed. Seven lichen extracts have been shown to be active against sessile Candida albicans yeasts and exhibited activities against different steps leading to biofilm formation (Millot et al., 2017) . Further to these results, the current study aimed to investigate the fungal community associated to the thalli of active lichens in order to explore the possible involvement of biotic interactions within the lichen that may be related with this anti-Candida activity. We investigated fungal communities of the two most promising lichens, Evernia prunastri (L.) Ach. and Ramalina fastigiata (Pers) Ach which showed anti-maturation and anti-biofilm activities at very low concentrations (IC 50_maturation < 4 mg ml −1 and IC 50_biofilm < 10 mg ml −1 ) (Millot et al., 2017) . In addition, Pleurosticta acetabulum (Neck) Elix & Lumbsch which is common foliaceous lichen found on tree barks with a non-significant anti-biofilm activity was also studied. These three selected lichens belong to Lecanorales, two of them belonging to Parmeliaceae (E. prunastri; P. acetabulum) and one to Ramalinaceae family (R. fastigiata). These lichens grew on tree barks such as Acer sp. Both endolichenic and epilichenic fungi were isolated and sequenced, to obtain specific fungi, and possibly new species. To our knowledge, no study comparing ELF to EPF has been published to date. Additionally, to detect potentially active fungi, the presence of genes coding for nonribosomal peptide synthetase (NRPs) and type I polyketide synthase (PKS I), key enzymes for the biosynthesis of secondary metabolites, was screened by PCR.
Materials and methods

Lichen sample collection
The lichen samples were collected from France at Verneuil sur Vienne (45°50'50.9"N and 1°07'37.0"E) for Evernia prunastri and Ramalina fastigiata in June and November 2015 (Fig. 1) . Evernia prunastri was collected on the bark of Acer pseudoplatanus and Ramalina fastigiata was collected on the bark of Acer negundo. Pleurosticta acetabulum was collected in June 2016 growing on the bark of Acer pseudoplatanus in Limoges (45°48'50.1"N and 1°13'53.7"E) (Fig. 1) .
Lichen samples were identified by thalline chemical tests. Their identification was checked by lichenologists from AFL, the French Association of Lichenology. Voucher herbarium specimens were deposited at the herbarium of our Laboratory under number HL-L06/15-01 and HL-L11/15-01(Ramalina fastigiata); HL-L06/15-02 and HL-L11/ 15-02 (Evernia prunastri) and HL-L06/16-02 (Pleurosticta acetabulum).
After harvesting, lichens were transported in paper bags, stored at 4°C and processed within 24 h. Impurities such as debris from barks, sands and foams were removed. Symptomless and undamaged thalli were washed in running tap water and then rinsed with distilled water.
Isolation and culture conditions
Endolichenic fungi were isolated after surface sterilization which was carried out by successive immersion of thalli in baths for 2 min (70% ethanol, 0.5% sodium hypochlorite, 70% ethanol). The thalli Fig. 1 . Three lichen species studied. (A) Evernia prunastri, (B) Ramalina fastigiata and (C) Pleurosticta acetabulum. A. Lagarde et al. Microbiological Research 211 (2018) 1-12 were then rinsed in sterile distilled water to remove ethanol residues. Then, the thalli were dried in the laminar flow hood, cut into segments (5 × 5 mm) with a sterile scalpel before being deposited on Petri dishes containing culture medium (3 segments/dish). A total of 90 sterilized thallus segments were incubated for the three studied lichens.Two different and common nutritious media were used for fungal development: potato dextrose agar 2% (PDA) or malt extract agar 2% (MEA) supplemented with streptomycin sulfate (50 mg l −1 ) after autoclaving (Li et al., 2007b; Paranagama et al., 2007) . Epilichenic fungi were isolated from lichen thalli cut into small segments (5 × 5 mm) under a clean air bench. Three segments of thalli were transferred in sterile Eppendorf 1.5 ml tubes containing 1 ml of sterilized distilled water, hand shaken vigorously for 2 min and the water was then removed using a sterile pipette and discarded. A second wash was carried out after addition of 1 ml of sterilized water and this process was repeated twice to remove adhered free-living fungi. Altogether, 90 segments (3/dish) were then plated onto 2% PDA supplemented with streptomycin sulfate (50 mg l −1 ) media in Petri dishes (9 cm). All Petri dishes were sealed with parafilm, incubated at 25°C.
Fungal growth was examined daily, for 4-20 days for epilichenic and 2 months for endolichenic fungi. Emergent colonies were picked and subcultured on PDA medium until pure isolates were obtained. The pure strains were inoculated onto agar slants of Sabouraud chloremphenicol for preservation at 4°C and were also stored in cryotubes with 20% sterile glycerol at −80°C.
Molecular fungal identification
Isolates from pure cultures were grown in the PDA medium for 4-21 days according to their growth rate. Total DNA was extracted from mycelia directly picked from the Petri dishes, using the Wizard ® Genomic DNA Purification kit (Promega, Charbonnières-les-Bains, France). The final pellet was resuspended in 40 ml of sterile ultra high quality (UHQ) water and diluted 10 times in UHQ water. The ITS rDNA region was PCR-amplified using the primer set ITS5/ITS4 (White et al., 1990) . Reactions were carried out in a final volume of 25 ml, containing 2 ml of diluted DNA, 1x GoTaq polymerase buffer (Promega), 1 mM of each primer, 200 mM of each dNTP and 1 U of GoTaq polymerase (Promega). PCR cycling conditions of the Eppendorf Master Cycler thermocycler (Eppendorf AG, Hamburg,Germany) were as follows: initial denaturation at 94°C for 3 min; 35 cycles at 94°C for 45 s, 55°C for 45 s, 72°C for 1 min; and a final extension at 72°C for 10 min. PCR products were sequenced by Eurofins Genomics (Ebersberg, Germany) using ITS 5 primer (White et al., 1990) . Sequence data are available in GenBank under accession numbers MG543926-MG543980 (Table 3) .
Sequences were manually corrected in BioEdit (Hall, 1990) . Multiple sequence alignments were conducted in MAFFT (Katoh et al., 2017) using Geneious, with the 194 generated sequences. Sequences were then clustered using the Neigbour Joining method (Saitou and Nei, 1987) with MEGA v.6.0. (Tamura et al., 2013) . The evolutionary distances were computed using the Jukes-Cantor method (Jukes and Cantor, 1969) .
Finally, for sequence similarity determination, ITS sequence of one isolate from each cluster was submitted to the BLASTn program (http:// blast.ncbi.nlm.nih.gov/Blast.cgi) to determine the close matches in GenBank database. Sequences from type material (CBS, ATCC, …) were favored. The following criteria were used to interpret the fungal sequences of the GenBank database: for ITS sequence identities > 97%, the fungal species were accepted; for ITS sequence identities of 95-99%, only the genus was accepted. When sequences matched at 100% with several species, only the genus could be accepted. Currently, it is known that ITS is often not discriminating enough to delimit species (especially in the Penicillium genus).
Screening for presence of PKS and NRPS genes
The presence of type I Polyketide Synthase genes (PKSs) and NonRibosomal Peptide Synthase genes (NRPSs) was investigated by PCR amplification following published methods (Amnuaykanjanasin et al., 2005; Miller et al., 2012) . PCR products were electrophoresed in 1.5% agarose gel and visualised under UV light.
Diversity of fungal communities and statistics
Colonization rate (CR%) was calculated as the total number of lichen segments infected by fungi divided by the total number of segments incubated. To test if the distribution of fungi differed between hosts and between endo versus epilichenic communities, chi-square tests were performed on R 3.1.2 (R Development Core Team, 2016). Venn diagrams were also built to detect potentially shared fungi and specific ones (Limma package, (Smyth, 2005) ). The diversity of each community was evaluated based on the species richness, Simpson and Shannon indices using vegan package in R (Dixon, 2003) . The diversity indices of epi-and endolichenic communities were compared through Wilcoxon tests. Sørensen similarity coefficient was calculated according to the formula Cs = 2(X)/(Y + Z) for which X corresponded to the number of OTUs common to the two lichen species, Y was the total number of OTUs in the first lichen and Z was the total number of OTUs in the second lichen. Finally the similarity of fungal communities was assessed by a non metrical multidimensional scaling (metaMDS, vegan package in R).
Results
Isolation and identification of endo-and epilichenic isolated fungi
Analysis of the fungal communities of the three lichens E. prunastri, P. acetabulum and R. fastigiata led to the isolation of 200 mycelia. Among them, 194 ITS sequences of good quality were obtained, and thus, 6 isolates were not conserved. A phylogenetic analysis based on all the ITS sequences enabled the delimitation of 39 phylogenetic groups (15 for endolichenic isolates, 21 for epilichenic and 3 for both endo-and epilichenic), some of them with an intragroup variability (Figs. 2 and 3). Comparison with the GenBank database led to the identification of 171 isolates at the species level (75 ELF, 96 EPF) distributed through 26 phylogenetic groups and 20 isolates at the genus level (7 ELF, 13 EPF) distributed through 19 phylogenetic groups (Tables 1 and 2 ). Three isolates could not be identified either at the species level or at the genus level, one endolichenic Pezizales and two different epilichenic Ascomycota.
When intra-group diversity is taken into account, 54 groups are delimited, with the highest intraspecific diversity observed for the endolichenic species Nemania serpens (11 genotypes, Fig. 3 ). All mycelia were isolated, either on MEA or PDA media. Among them, 37en-dolichenic isolates were obtained on MEA of which 6 were from E. prunastri, 22 from P. acetabulum and 9 from R. fastigiata. An increase in the number of isolates is observed on PDA medium for E. prunastri and P. acetabulum with 15 and 25 isolates, respectively. For R. fastigiata, the number of isolates is the same in the two media (Table 3 and Fig. 4 ). Some species were found in both media, two for E. prunastri, one for P. acetabulum and four for R. fastigiata.
On PDA medium, a high number of epilichenic isolates was observed for R. fastigiata with 59 isolates, followed by P. acetabulum with 41 isolates and E. prunastri with 14 isolates, respectively.
Diversity of fungal communities and statistics
The colonisation rate (CR%) ranged from 44.4 to 73.3% on MEA A. Lagarde et al. Microbiological Research 211 (2018) 1-12 Fig. 2. Phylogenetic groups based on the ITS sequences of both isolated endo-and epilichenic mycelia. Phylogenetic analysis was carried out in MEGA6, using the Neigbour Joining method. The optimal tree with the sum of branch length = 4.25279659 is shown. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Jukes-Cantor method and are in the units of the number of base substitutions per site. The rate variation among sites was modeled with a gamma distribution (shape parameter = 1). The analysis involved 194 nucleotide sequences. All positions containing gaps and missing data were eliminated. There were a total of 377 positions in the final dataset. All the branches are collapsed and represent several isolates. ■ endolichenic groups ▲ epilichenic groups ♦ both endo-and epilichenic groups. *for Nemania group, see Fig. 2 . and 53.3 to 77.8% on PDA for ELF and revealed the influence of the culture medium (Table 3 ). The highest colonisation rate was obtained for P. acetabulum on PDA while E. prunastri displayed the lowest. It was slightly lower for E. prunastri and P. acetabulum on MEA and similar for R. fastigiata in the two media. All segments of the three lichens were infected and CR was 100% for EPF. The distribution of fungi among lichens was significantly variable (Chi square = 220.1407, df = 112, pvalue = 4.772e-09) but did not differ between endo and epilichenic communities (Chi square = 57, df = 56, p-value = 0.4377).
The values of the Shannon index ranged between 2.09-2.75 for endolichenic fungi which is relatively close for the 3 species of lichens, the highest being for P. acetabulum (Table 4) . On the contrary for EPF, the Shannon index slightly diminished and ranged between 1.48-2.27, the highest was found for R. fastigiata. The Simpson index followed the same trend. As for the species richness, the results with the Simpson and Shannon indices were comparable between these two communities (Wilcoxon tests, p-value = 0.64, 0.1 and 0.4 respectively) and no test could be performed to distinguish the hosts. The evaluation of Sørensen coefficients showed high similarity with E. prunastri and R. fastigiata followed by R. fastigiata and P. acetabulum and less similarity with E. prunastri and P. acetabulum with values of 0.43; 0.3 and 0.1 respectively. Finally, the non metric multidimensionnal scaling highlighted Fig. 3 . Phylogenetic tree obtained for isolates belonging to the Xylariaceae. Phylogenetic analysis was carried out in MEGA6, using the Neigbour Joining method. The optimal tree with the sum of branch length = 0.53398325 is shown. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Jukes-Cantor method and are in the units of the number of base substitutions per site. The rate variation among sites was modeled with a gamma distribution (shape parameter = 1). The analysis involved 69 nucleotide sequences. All positions containing gaps and missing data were eliminated. There were a total of 491 positions in the final dataset. The Accession number of ITS sequences from each genotype are indicated. Table 1 Endolichenic fungi isolated from Evernia prunastri (EP), Ramalina fastigiata (RF) and Pleurosticta acetabulum (PA). (1), (2) Number of isolates per lichen species.
Table 2
Epilichenic fungi isolated from Evernia prunastri (EP), Ramalina fastigiata (RF) and Pleurosticta acetabulum (PA) (1), (2) Number of isolates per lichen species.
A. Lagarde et al. Microbiological Research 211 (2018) 1-12 the differences between communities (Fig. 5) . The Venn diagram showed that only two species (ELF and EPF combined) were shared by all lichens, the majority of species being specific to each lichen (Fig. 6 ).
Description of the endo-and epilichenic communities
For the three lichens, both communities were dominated by the Ascomycota (191 isolates). Only one endolichenic strain belonged to the Basidiomycota and two epilichenic isolates to the Mucoromycota. Xylariales was the most represented order for endolichenic Ascomycota, with 52 isolates distributed in 6 phylogenetic groups (Fig 3) . Among this group, Nemania serpens (with several genotypes) was the most abundant endolichenic fungus (53% of endolichenic isolates).
In the epilichenic community, there were 22 phylogenetic groups belonging to the Ascomycota, of which 20 were identified. Two others EPF represented 2 phylogenetic groups of the Mucoromycota.
Comparison of endolichenic and epilichenic communities
A notable difference between these two communities concerns their growth. The EPF are fast growing requiring between 4-20 days whereas for the ELF are slower and usually start from 15 days and increase up to 2 months.
Low similarities were observed between the two fungal communities: only Sordaria fimicola (Sordariales), Botrytis cinerea (Helotiales) and Cladosporium sp1 (Capnodiales) were found as endolichenic and as epilichenic fungi (Tables 1 and 2) .
Most of ELF belong to Sordariomycetes whereas Dothideomycetes predominated for epilichenic fungi. Xylariales and Pezizomycetes were found as ELF while Eurotiomycetes were only present as EPF. Ecology: 1 refer to endolichenic fungi (ELF) and 2 to epilichenic fungi (EPF). . Venn diagram representing the number of shared and exclusive endolichenic and epilichenic fungi isolated from E. prunastri, P. acetabulum and R. fastigiata. Numbers on intersections correspond to shared fungal species, detected on two to three hosts.
Didymellaceae that dominates the epilichenic community is absent in the endolichenic one. ELF and EPL are distributed in different families (Fig. 7) .
Comparison of lichens communities
Endo-and epilichenic mycelia where obtained from the three lichen species. At the endolichenic level, 21 isolates (8 phylogenetic groups) were recovered from E. prunastri, 18 (7 phylogenetic groups) from R. fastigiata and 47 (11 phylogenetic groups) from P. acetabulum (Tables 1  and 3 ).
The three species were mainly inhabited by different Xylariaceae and Nemania serpens was shared by the three species. At the intraspecific level, P. acetabulum hosted 7 out of 11 N. serpens genotypes and three genotypes occured on the three lichens (Fig 3) .
Only Nemania aenae var aureolatum was shared by E. prunastri and P. acetabulum whereas Coniochaeta hoffmannii, Biscognauxia mediterranea and B. nummularia were common to R. fastigiata and P. acetabulum.
Among epilichenic fungi, 14 isolates (5 phylogentic groups) were recovered from E. prunastri, 59 (15 phylogenetic groups) from R. fastigiata and 41 (12 phylogenetic groups) from P. acetabulum (Tables 2 and  3) .
Epicoccum nigrum and Sordaria fimicola were common to the three lichens. Trichoderma caerulescens was present in E. prunastri and P. acetabulum. The Cladosporium sp2 was common to R. fastigiata and P. acetabulum and Acrodontium crateriforme to E. prunastri and R. fastigiata.
Cladosporium sp1 was found both as an endo and epilichenic species in the P. acetabulum thallus, which is also the case of Sordaria fimicola in E. prunastri and P. acetabulum thalli. Botrytis cinerea was found independently as an endolichenic species for the foliaceous lichen P. acetabulum and epilichenic for the fructicose lichen R. fastigiata.
Screening for PKS I and NRPS genes
The screening for potential biosynthesis of bioactive compounds was undertaken for 36 phylogenetic groups out of 39. Among ELF, 66.7% phylogenetic groups analyzed with the genes coding PKS I system and 27.8% for genes coding for NRPS showed positive results (Table 5) . Thus, 5 phylogenetic groups revealed the two genes. Seven phylogenetic groups were only positive for PKS I and 3 others were not positive for these genes (Table 5) .
A comparable result was obtained with EPF with 73.9% of phylogenetic groups positive for the PKS I system and 30.4% for NRPS. Seven phylogenetic groups were positive for these 2 systems and 8 phylogenetic groups were not positive to either.
For the three fungal species obtained both as ELF and EPF, a positive result for PKS I was only obtained for S. fimicola. The presence of the genes coding for NRPS was not detected.
Discussion
The diversity of ELF and EPF was investigated from healthy thalli of three common epiphytic lichen species. This study allowed the isolation of 194 pure fungal strains (83 ELF and 111 EPF) belonging to 39 phylogenetic groups, most of them have been identified at the species level. Our analysis revealed a clear differention between ELF and EPF communities for the three lichens species and suggested that the isolated fungi could be a source of secondary metabolites.
The majority of isolated ELF and EPF belonged to the Ascomycota phylum. Only one endolichenic isolate was found to be a member of the Basidiomycota and two epililichenic isolates were Mucoromycota. This result is in accordance with previous works which demonstrated predominance of Ascomycota as lichen-associated fungi while Basidiomycota and Mucoromycota were less abundant (Arnold et al., 2009; Muggia et al., 2017 Muggia et al., , 2016 U'Ren et al., 2010; Zhang et al., 2016) . Among Ascomycota, Sordariomycetes were particularly abundant followed by Dothideomycetes whilst Eurotiomycetes, Pezizomycetes and Leotiomycetes remained a minor component of the two communities. All isolated fungi belonged to classes clearly different from lichen mycobiont, such as Lecanoromycetes, Arthoniomycetes and Lichinomycetes (Arnold et al., 2009) . We expected to detect taxa, and indeed three isolates did not correspond to species previously sequenced (Tables 1  and 2 ). Taxonomists may confirm this novelty, and for other isolates, their identification allowed a deeper investigation of their specificity and ecology. The species name was arranged alphabetically. Ecology: 1 refer to ELF and 2 to EPF.
The comparison of ELF and EPF communities revealed very few shared taxa, as previously mentioned for epiphytic and endophytic fungi isolated from coffee leaves (Santamaría and Bayman, 2005) . Genera found in this study as endolichenic fungi coincide with those reported in endophytic fungi of highter plants (e.g, Biscogniauxia, Cladosporium, Coniochaeta, Fusarium, Nemania, Periconia, Preussia, Xylaria) (Langenfeld et al., 2013; Mapperson et al., 2014) . Several studies undertaken on lichen-associated fungi have highlighted the presence of these fungal genera (Li et al., 2007b; Suryanarayanan et al., 2017; Tripathi et al., 2014; Vinayaka et al., 2016; Zhang et al., 2016) . For example, the fungus Preussia africana was isolated from Ramalina calicaris (Zhang et al., 2012) , Fusarium sp. was isolated from Usnea sp. and Periconia sp. from Parmotrema sp (Kannangara et al., 2009 ). In the study of associated fungi of plants and lichens from North America, the genera Nemania and Biscogniauxia occurred frequently as ELF in different types of thalli as well as endophytes (U'Ren et al., 2016) . Nemania serpens represent the most abundant Xylariaceae and occurred with high frequencies in the three lichens. Interestingly, it has previously been isolated from Peltigera rufescens. Such was the case of Biscogniauxia mediterranea which had previously been identified in Flavoparmelia praesignis and Pseudoevernia intensa thalli (U' Ren et al., 2016) . Eurotiomycetes were not isolated as ELF, unlike most studies that describe the presence of this class with varying predominance depending on lichens and their environment (Muggia et al., 2017; U'Ren et al., 2012 U'Ren et al., , 2010 . Leotiomycetes and Sordariomycetes have been mostly described in Artic lichens and in other harsh conditions. They were fewer compared to Chaethothryriomycetes and Dothideomycetes (Muggia et al., 2016; Zhang et al., 2016) .
The coprophilous fungus, Sordaria fimicola (Bills et al., 2013) , both ELF and EPF, was previously identified as ELF from Parmotrema reticulum (Tripathi et al., 2014) .
Most of EPF genera identified in our study (Alternaria, Aspergillus, Acremonium, Aureobasidium, Cladosporium, Epicocum, Penicillium, Trichoderma) were also reported as plant endophytes in several studies (Fávaro et al., 2011; Shipunov et al., 2008; Silva-Hughes et al., 2015) . It is quite interesting for the present study as the same genera were also previously described as associated-lichen fungi (Kannangara et al., 2009; Suryanarayanan et al., 2017 Suryanarayanan et al., , 2005 Vinayaka et al., 2016) .
The occurrence of Mucoromycota is low with two isolates as EPF. Mucor racemosus was previously isolated as ELF from macrolichens of Kumaun Himalaya (Tripathi et al., 2014) .
Several species were isolated as singletons in EPF community such as Alternaria tenuissima, Phoma herbarum, Verticillium leptobactrum accounting each for a phylogenetic group.
Our phylogenetic analyses allowed a detection of genetic variants, and suggested a particular diversity for some species. The saprotroph fungus Epicoccum nigrum with 37 isolates dominated the EPF community and was represented by two genetic variants. Interestingly, a study based on the polyphasic approach demonstrated the existence of two genotypes morphologically, physiologically and genetically distinct and suggested their separation in to two species (Fávaro et al., 2011) . Epicoccum nigrum genotype 1 was found in the three lichens and the genotype 2 was only isolated from R. fastigiata.
The second most frequent genus, Trichoderma, was identified from the three lichens. This genus seems to be common on lichens since Trichoderma viride was isolated with high frequency from Parmotrema tinctorum, Ramalina arabum and Usnea stigmatoides (Vinayaka et al., 2016) .
As the three lichens were collected in the same area, little diversity of EPF was expected. This hypothesis is supported by the suggestion of an apparently unspecific relationship between a number of fungi that could be isolated on the thalli of various lichens (Muggia and Grube, 2010) . However, in our study, each lichen species seems to display its own ELF and EPF communities and very few species are shared. This suggests that the fungi select the most appropriate lichen according to their nutritional needs. Indeed, a fungal species may interact differently depending on the host. As an example, the plant pathogenic fungus Botrytis cinera was able both to penetrate and colonize the P. acetabulum thallus as an endolichenic fungus and to remain on the surface of the R. fastigiata thallus and act as an epilichenic fungus. This interaction may occur for the same lichen as was found for Cladosporium sp1 with P. acetabulum and Sordaria fimicola with both E. prunastri and P. acetabulum. Since the sterilization protocol is shown to be effective, these fungi cannot be considered as EPF that avoid sterilization or as a contaminant of ELF in an axenic culture. They really have the ability to live on the thallus and also to penetrate within.
As two culture media MEA and PDA were used to obtain ELF after sterilization of the lichen thalli, the two media were compared. It appears that a PDA medium is more favorable and offers a greater diversity of morphospecies than a MEA medium and thus, PDA was chosen for further investigation. Recently, the influence of different media was demonstrated or observed on fungal growth and obtaining endolichenic fungi (Muggia et al., 2017; Vinayaka et al., 2016) . Muggia et al. revealed that the isolation of different taxa was correlated with the medium and was improved with the addition of mineral salts, glucose, amino acids and vitamins in the growth media (Muggia et al., 2017) . More generally, the fungi isolated are those whose growth is improved by the medium. There are probably other fungi representing a higher source of diversity, which could be investigated with direct sequencing or next generation sequencing. Curiously, less isolates were obtained from E. Prunastri. The dominance of two fungal species (Trichoderma caerulescens and Epicoccum nigrum) may have limited the growth of other fungi in the medium.
For all lichens, the colonisation rate for ELF was high and comparable to several studies reported from tropical and temperate lichens (Arnold et al., 2009; Girlanda et al., 1997; Li et al., 2007b; U'Ren et al., 2010) whereas in extreme environement for arctic lichens, the CR% was low (Arnold et al., 2009; Zhang et al., 2016) . In the case of EPF, it reached up unsurprisingly 100% as they are fast growing.
The ability of most filamentous fungi to produce molecules of interest has been widely demonstrated (Frisvad et al., 2008) . The biosynthesis of these fungal secondary metabolites involves multidomain and multimodular enzymes including polyketide synthases (PKSs), nonribosomal peptide synthetases (NRPS), prenyltransferases and terpene cyclases (Brakhage and Schroeckh, 2011) .
In this work, PCR-based screening revealed a high presence of type I PKS in the two communities (66-77%) while NRPS genes were detected in 28-30% of ELF and EPF. Genes involved in biosynthesis of secondary metabolites (PKSs and NRPSs) were detected in most of the isolated mycelia, including 2 of the 3 unidentified species (Table 5) . This is encouraging for the research of new metabolites with biological activities. As demonstrated for endophytes, failure to detect PKS I or NRPS genes suggests either their absence or a divergence of their sequences to be amplified by the reaction described (Miller et al., 2012) .
Lichen associated fungi constitute a source for the search for bioactive secondary metabolites. Studies on endolichenic metabolites have been intensified recently and have highlighted compounds with original structures and pharmacological properties (Ding et al., 2009; Kannangara et al., 2009; Paranagama et al., 2007; Wijeratne et al., 2010; Zhang et al., 2009) . Most fungal species from lichens or other ecological niches that are closely related to the strains isolated in the present work have previously been investigated for the production of active compounds.
Anthraquinones with cytotoxic activities were isolated from Aspergillus versicolor, an ELF from Lobaria retigera and L. quercizans (Dou et al., 2014) . While diphenyl ethers from Aspergillus sp. an ELF of Peltigera elisabethae var. mauritzii displayed anti-Ab 42 aggregation (Zhao et al., 2014) . Heptaketides with antiviral activity were isolated from 3 ELF, one of which was Alternaria alternata (He et al., 2012) . Xanthone derivatives were isolated from ELF Coniochaeta sp. and displayed modest cytotoxic activities while the corresponding thiol derivative showed antibacterial activity against Enterococcus faecium (Wang et al., 2010b (Wang et al., , 2010a . The genus Preussia displayed antimicrobial activity in particular for most species against methicillin-resistant Staphylococcus aureus (MRSA) and Candida albicans (Mapperson et al., 2014) . Cytotoxic chromone derivatives and a thiopyranchrome-none against A549 cells were isolated from Preussia africana, an ELF of Ramalina calicaris (Zhang et al., 2012) . On the other hand, antioxidant polyketides were isolated from Penicillium citrinum, an ELF from Parmotrema sp (Samanthi et al., 2015) . Cyclopentapeptides isolated from Xylaria sp, an ELF of Leptogiuym saturninum showed effective synergistic antifungal activity with ketoconazole against C. albicans while they were inactive alone (Wu et al., 2011) . It has been shown for secondary metabolites produced by ELF, phenolic compounds and polyketides are predominant and their biosynthesis involve polyketide synthases (PKSs). They are followed by terpenes and alkaloids (Kellogg and Raja, 2016) . Lichens are definitively wide reservoirs of fungal species as ELF or EPF and represent a huge source of bioactive secondary metabolites.
Conclusions
This study highlights the divergence between endo and epilichenic communities from lichens. Culture media and isolation techniques are determining factors as they influenced the diversity of cultivable fungi. To investigate the fungal diversity of lichen-associated fungi and increase the isolation of new fungal species strains or at least new strains in already known species, with perhaps unexpected properties, study of lichen species should be explored by using different culture media. The ELF and EPF need both to be priviledged whereas EPF are up to now often neglected.
Our results suggest that diverse and rich fungal communities are living in European lichens, and may provide a reservoir of bioactive molecules. Their biological activities could be used for applications in the pharmaceutical and agricultural fields for example as biocontrol agents of plant pathogens.
